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Introduction

Particulate matter is the term given to
the tiny particles of solid or semi-solid
material found in the atmosphere as
suspended mixtures. The chemical
complexity of airborne particles

makes it imperative to consider the
composition and sources of selected
primary and secondary particulates
deemed to be of health concern.
Primary particulates are introduced
into the atmosphere from a variety of
natural and anthropogenic sources.
Secondary particulates tend to form in
the atmosphere as a result of chemical
processes.”” Urban particulate pollution
has been recognised as a major problem
in emerging mega-cities in Nigeria
such as Lagos, Kano, Abuja, Aba and
Port-Harcourt as a result of their rising
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Background. Over the past 30 years, various studies in Nigeria have monitored atmospheric
particulate matter loads and elemental composition of ambient air around diverse receptor
sites.

Objectives. A comparative discussion of the different sampling techniques, pre-treatment and
analytical methods employed between 1985 and 2015.

Methods. Air pollution indices from studies covered in this review were compared to relevant
guideline standards such as the World Health Organization (WHO) 24-hr guideline and the
United States Environmental Protection Agency (USEPA)'s National Ambient Air Quality
Standard (NAAQS) daily permissible limits for fine particles of less than 2.5 micrometers in
diameter (PM, ) and coarse dust particles with a diameter of 10 micrometers (PM, ) in ambient
air. In addition, the sources of data for the average concentrations for PM,,PM and related
metallic elements during 1985-2015 were assessed. Attempts were also made to compare varied
particulate matter loads of atmospheric micro-environments in Nigeria with comparable micro-
environments in selected cities around the world.

Discussion. Results showed that PM, , concentration ranged from 5-248 ug/m’, while PM |
concentration ranged from 18-926 pg/m’, revealing that about 50% of the particulate matter
loads in Nigeria exceeded both the WHO (25 pug /m’, 50 pg/m®) and NAAQS (35 ug/m?, 150
pg/m?®) guideline limits for PM, , and PM, | respectively. PM, ,/PM ratios for the selected
studies fall below the WHO guideline (0.5-0.8), suggesting that Nigerian aerosols are mainly
made up of coarse, rather than fine particles. In addition, the order of the average highest
concentrations of metallic elements for PM, , were magnesium (Mg) > strontium (Sr) >
potassium (K) > zinc (Zn) > iron (Fe) > sodium (Na) > aluminium (Al) > chlorine (Cl) > lead
(Pb) > silicon (Si), while those of PM,  were Sr > Zn > Fe > Mg > calcium (Ca) >Na > Pb >
manganese (Mn) > K > Al

Conclusions. Seasonal variation of particulate matter loads revealed higher concentrations
during the dry season than during the rainy season. In addition, particulate matter loads

in rural areas were generally lower than in urban areas. Wind-blown dust from the Sahara
Desert is the major contributor to particulate matter loads in northern zones of the country,
while sea spray and crustal matter are the highest contributors to particulate matter loads in
southern zones.
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populations and increasing urban
infrastructures. In addition, the West
African sub-region where Nigeria is
located falls within the intensively
burdened aerosol regions as a result of
trans-boundary movements of geogenic
particles from desert zones of the
Sahara and soot/organic carbon load
from biomass burning.’ Furthermore,

emissions from vehicular traffic and
smelting industries, as well as dust

from unpaved roads also contribute

to the aerosol load, especially in the

dry season months. Thus, atmospheric
particulate matter is an important air
quality indicator, because it not only has
a direct impact on human health, it also
plays a role in atmospheric chemistry,
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weather, and climate.”

Many epidemiological studies have
revealed consistent associations
between ambient concentrations of
particulate matter with an average
diameter of 10 micrometers (PM, )
and fine particles of less than less than
2.5 micrometers in diameter (PM, ,)
with adverse health effects such as
cough, asthma, renal failure, and
infertility.> Detailed understanding of
the concentration levels of important
air pollutants like PM, . and PM,,
polychlorinated biphenyls, dibenzo-p-
dioxins/dibenzofurans and polycyclic
aromatic hydrocarbons in urban

and rural areas of the country have
remained largely unknown.” Although
there have been some pioneer studies
on PM, . and PM concentrations and
source contributions of different urban
sources to the ambient air pollution

at selected receptor sites in Nigeria,
polycyclic aromatic hydrocarbons,
dibenzo-p-dioxins/dibenzofurans and
polychlorinated biphenyls have yet to
be extensively studied. Between 1988
and 1994, segregated studies involving
documented contributions of pollutant
sources in Nigerian sectorial and
national emission inventories were
surveyed by a research team.>® In the
area of particulate matter levels (PM, ,,
PM, ), segmented studies involving
selected receptor sites in Lagos and
Abuja have been carried out over the
years.”'?*¢ In addition, a more extensive
study involving six Nigerian mega-
cities was undertaken."” Furthermore,
a sampling campaign of particulate
matter load (PM, ,, PM, ) in ten
selected south-eastern Nigerian cities
during dry and wet season periods
(December 2008 to September 2009)
was also undertaken.’®

In addition, a monitoring study of
ambient particulate matter (PM, )
spatial distribution in 17 selected
cities in Nigeria over a six year (2001-
2006) period and the resultant health
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Study location(s) Mean (ug/m?) Range Mean (ug/m?) Range

Aba'®?! 46.90 5-248 302.58 18-975 0.16

Umuahia® 40.06 4-140 273.85 51-911 0.15

Nnewi 23.53 1-68 56.97 21-122 0.41

Onitsha!® 66.10 4-188 593.7 95-1600 0.11

Abakaliki 28.13 2-72 87.57 29-158 0.32

Afikpo'® 25.32 1-64 71.75 21-152 0.35

Enugu 14.97 1-56 115.16 16-362 0.13

Nsukka!® 14.00 1-40 116.81 21-301 0.12

Orlu 16.19 1-40 51.60 10-120 0.31

Owerri'® 44 1-120 157.81 75-323 0.28

Port-Harcourt'”3® 35.65 8-68 128 0.26

Eket3® 12.10 1-26 37.90 26-293 0.32

Uyo* 29.90 1-110 90.30 5-88 0.33

Calabar®® 9.70 1-28 39.40 12-385 0.25

Ogoj At 8.70 1-20 24.70 4-100 0.35

Ile-Ife>?-% 148.19 1.22-986.5 308.61 2-60 0.48

Ewekoro?® 247.79 9.33-112.14 721.26 0.38-3250 0.34

Lagos“'”’ IE5IEbALABED 56.50 5-462 430.52 41.61-326.75 0.13

Abuj gl 21.50 7-86 56.50 18-8765 0.38

Kano!” 63 41-85 340 22-343 0.19

Maiduguri17 17 10-23 246 61-757 0.07
WHO 24-hr guideline“ 25 50 37-370 0.50-0.80
NAAQS 24-hr guideline™ 35 150
Athens, Greece* 40.20 75.50 0.53
Ashkelon Urb, Israel® 24.00 67.10 0.36
Cairo, Egypt66 86.24 184.15 0.47
Erdemli, Turkey® 9.70 36.40 0.27
Barcelona, Spain® 25.00 39.00 0.64
Bliss, Lebanon® 40.95 71.34 0.57
Kenitra, Morocco”® 50.73 110.42 0.46

Table 1 — Comparing Concentration Levels of Particulate Matter in Selected Nigerian Cities and Other Global Cities
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implications was conducted by Efe
(2008).” Results from the study
indicated that the urban corridors of
over 70% of Nigerian cities are sites with
a high rate of daily mean/annual mean
ambient PM,  of over 120 ug/m’, while
< 30% of Nigerian urban centres had

a mean annual ambient PM | value of
119.2 pg/m’. Similarly, it was noted that
significant differences existed in PM |
concentrations across different land-use
types, between the built-up areas and
those of the surrounding rural areas.
Findings from the study also revealed
that high concentrations of PM,  in
most Nigerian urban environments have
resulted in a significant prevalence of
cough, catarrh, eye infection, asthma,
chronic bronchitis, etc.””

Other fragmented studies of particulate
matter levels in different parts of Nigeria
have also been reported in areas such

as Ile-Ife, Kano, Ibadan, Sapele and
Obaretin, Isoko, Ewekoro, and the Ife-
Ibadan highway.”**

Multi-elemental characterization of
aerosol samples in Nigeria have been
carried out using an array of analytical
procedures such as X-ray fluorescence,
total reflection X-ray fluorescence,
energy dispersive X-ray fluorescence
(EDXREF), polarized EDXRE wave-
dispersive X-ray fluorescence, atomic
absorption spectroscopy, inductively
coupled plasma mass spectrometry,
inductively coupled plasma optical
emission spectroscopy, instrumental
neutron activation analysis (INAA),
proton-induced X-ray fluorescence

and proton-induced gamma ray
emission 2,7,10-15,17,20-24,27-30

There have been notable ambient air
pollution-related studies in Nigeria
during the past three decades. The focus
of the present study is on particulate
matter (PM, ,, PM, ) and elemental
composition of atmospheric micro-
environments investigated in selected
geo-political zones of the country,
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with special emphasis placed on the
comparison of sampling techniques,
sampling instruments and ambient

air pollutant concentrations recorded

in the selected studies. Furthermore,

an attempt will be made to compare
particulate matter and multi-element
concentration levels in aerosols of
Nigerian environments with similar
studies on aerosols of selected cities
around the world. Furthermore, relevant
standards such as the World Health
Organization (WHO) and the United
States Environmental Protection Agency
(USEPA)'s National Ambient Air
Quality Standard (NAAQS) guideline
limits for PM, , and PM,  in ambient air
will be used for comparing data from

air pollution studies in Nigeria for the
period under review.

Methods

This paper presents an update on
ambient air monitoring studies in
Nigeria over the last 30 years focusing
mainly on the levels of suspended
particulate matter (PM, ., PM, ) and
multi-elements present in Nigerian
aerosols as measured in selected
diverse receptor sites. The review was
conducted by systematically searching
the databases of ResearchGate, Google
Scholar, MEDLINE, PubMed Central,
EBSCOhost and PubMed libraries for
original research using search terms
such as ‘particulate matter loads in
Nigeria, ‘PMZ.5 and PM, levels in
Nigeria', elemental composition of
Nigerian aerosols, ‘health implications
of airborne pollution, 'seasonal variation
of particulate matter in Nigerian Cities',
'urban and rural particulate matter
loads in Nigeria', receptor modelling’
and ‘source apportionment of airborne
particles in Nigeria. Atmospheric
pollutants such as fine suspended
particulate matter and trace elements
have health implications, especially

if they exceed regulatory guidelines.
Search results were collated and studied,
while systematically extracting results

relevant to the review. Searches were
not limited to time or place of research,
but limited to publications available
(originally or translated) in the English
language from 1985 to 2015, as shown
in Table 1 and Supplemental Materials
[-111.

A total of 476 articles were found in

the available published literature. On
the basis of their title, abstract, key
words and full text (when available),
the selected publications were further
trimmed down to remove papers that
did not conform to the above search
criteria. Information on PM, , and PM |
levels, PM, ./PM ratios and elemental
concentrations of PM, , and/or PM |
size fraction were then extracted from
each relevant published report. Other
descriptive information about each
study such as geographical location,
type of sampler, flow rate, number

of samples, analytical methodology,
number of elements detected and major
pollution sources were also recorded.

Research papers without the above
mentioned descriptive information were
excluded from the list. If more than

one study was available for the same
geographical location, particulate matter
concentration ranges in the selected
different studies were then summed

up to get the average particulate matter
concentration for that location. Relevant
research papers were grouped into
classes as follows: 70 articles on aerosol
based research, 27 articles on PM, , and/
or PM,  levels, 20 articles on source
apportionment of air-borne particles
and 7 articles on seasonal variation of
particulate matter."”°

From the resulting group classes
above, further subgroup classes were
also created as follows: 5 inter-state
monitoring studies, 14 intra-state
monitoring studies, 9 studies involving
traffic locations, 11 studies involving
industrial locations, 3 studies involving
educational locations, 9 studies
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involving commercial locations

and 10 studies involving residential
locations 2,7,11-15,17,18,21,22,24, 26-30,33,38,52

Results

Survey of Air Pollution-Related
Research in the 6 Geo-Political Zones
and the Federal Capital Territory
South West Zone

Six states (Lagos, Ogun, Osun, EKkiti,
Ondo and Oyo) make up the South
West zone of Nigeria. The estimated
combined population in this zone is
27.7 million.* The latest demographic
surveys put the population of Lagos
between 10-15 million people.

This zone is highly industrialized with
major industries located in Lagos,

Ogun and Oyo States. Notable locations
where air pollution studies have been
carried out include Tkoyi, Mushin,

Ikeja, Victoria Island, Oba-Akran road,
the Mile 2 and Bariga areas of Lagos,
Ibadan, Oyo, Ile-Ife, Osun and Ewekoro,

Ogun‘11-15,17,20,22,23,26,27,29,30

Average PM, . and PM, | concentrations
in this zone exceeded the WHO and
NAAQS 24-hr guideline criteria for
PM, . and PM,  except for Mushin
(10.8 ug/m?, 57 ug/m?), Ikoyi (5.6 ug/
m?, 45.4 ug/m?), Ikeja (10.2 pug/m’, 56.4
pg/m?), Mile 2 (30.88 pg/m?, 48.27 ug/
m?), Victoria Island (25.27 pg/m’, 26.11
pg/m?), Oba-Akran Road (25.55 pg/
m’, 28.18 pug/m’®) and Ile-Ife (25.37 pg/
m?, 37.15 pug/m’). In addition, except
for the previously cited locations

with low particulate matter loads
comparable to Erdemli, Turkey (9.7 pg/
m?, 36.40 pg/m?), all other locations in
the South West recorded comparably
high particulate matter loads when
compared to other locations around
the world (Table 1). According to Efe
(2008), observed PM,  levels in Ibadan
and Lagos were 119.7 pg/m’ and 122.3
pg/m’, respectively; which although
exceeding the WHO 24-hr limit for
PM,, still falls within the corresponding
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NAAQS daily limit.*

South South Zone

Delta, Edo, Cross-River, Akwa-Ibom,
Rivers and Bayelsa States are found

in the South South zone, otherwise
referred to as the Niger Delta, as a
result of the abundance of oil and gas
reserves in the area. It covers an area of
approximately 75,000 km? representing
7.5% of Nigeria’s total land area. The
delta is a vast floodplain built up by

the accumulation of sedimentary
deposits washed down from the Niger
and Benue rivers.* According to

the 2006 population census figures,
approximately 21 million people live in
the South South zone.”” Segregated air
pollution studies have been carried out
in Port-Harcourt, Rivers State, Sapele in
Delta State, Obaretin and Isoko in Edo
State.”?*?>* All selected locations in the
South South zone exceeded the WHO
and NAAQS guideline criteria values
for PM, , and PM, . Furthermore, PM, |
levels in Warri (122.2 ug/m?), Benin
(119.2 pg/m?) and Port-Harcourt (118.3
pg/m?) were higher than the WHO 24-
hr guideline of 50 pg/m?, but lower than
the corresponding NAAQS stipulated
daily limit of 150 pg/m?*."”” This trend is a
result of gas flaring and other industrial
emission activities prevalent in the
Niger Delta region. When compared

to other locations around the world,
particulate matter loads in South South
locations ranked comparably high.

South East Zone

The states of Abia, Imo, Anambra,
Enugu and Ebonyi are found in the
south-eastern part of the country.
According to latest population census
figures, an estimated 16.4 million people
are living in the South East zone.””

An array of economic, industrial and
academic activities take place in this
zone. In south-eastern Nigeria, there
have been recent attempts to routinely
monitor atmospheric particulate matter
loads in selected urban areas within

the zone. For instance, air quality in

Review

Aba, Abia State has been routinely
monitored as part of six Nigerian
megacities investigated for air pollution
data indices. The results indicated
comparatively high PM, , (102 pg/m®)
and PM, (553 pg/m?) concentrations
which were well above the 24-hr air
quality guideline limits set by the WHO
and NAAQS."” Furthermore, 10 selected
urban areas (2 from each of the 5 states
in the South East zone) in this zone
have been routinely monitored for their
spatial and seasonal variations over 2
major seasons. Seasonal PM, , mean
concentration ranged from 21.69 + 9.93
to 122.88 + 33.90 pg/m’ (dry season)
and 3.31 + 2.36 to 11.44 + 4.57 pug/m*
(wet season), while seasonal PM,  mean
concentration varied in the range of
55.81 % 17.09 to 921.34 + 532.60 g/
m’and 14.38 + 3.01 to 266.06 + 129.79
pg/m? for the dry and wet seasons,
respectively."®

In a related study, a PM,  level of
121.8 pg/m’® was recorded in Enugu as
part of a mega-city particulate matter
monitoring campaign covering 17
cities in Nigeria over a 6-year period.”
These recorded values showed marked
variations when compared with the
WHO and NAAQS daily air quality
guideline criteria.

Federal Capital Territory

Abuja, which is the Federal Capital
Territory of Nigeria, is the most
notable city in the North Central zone.
According to the 2006 census, Abuja
had a population of 1.4 million.*
Unofficial records put the population at
between two million to well over three
million. This is unsurprising owing

to the huge influx of people into the
Federal Capital Territory leading to the
emergence of satellite towns such as
Karu, Suleja, Gwagwalada, Lugbe, Kuje
and other smaller settlements.” Notable
studies involving routine monitoring
and elemental characterisation of
atmospheric particulate matter within
the greater Abuja Metropolis have been
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carried out in the recent past.®”

While one study recorded average

PM, . (14 ug/m’) and PM, (38 ug/m’)
concentrations lower than the WHO
and NAAQS 24-hr air quality guidelines
for PM, . and PM, | respectively, another
study recorded an average PM, .
concentration (29 pg/m?) higher than
the WHO (25 pg/m?) 24-hr air quality
guideline, but within the NAAQS (35
pg/m?) daily limit, while also recording
an average PM, / concentration (75 ug/
m?®) higher than the WHO (50 pg/m?)
24-hr air quality guideline, but within
the NAAQS (150 pug/m?) daily limit.”"”

North Central Zone

States found in this zone include
Plateau, Niger, Kogi, Nassarawa, Kwara
and Benue States. The combined
population figure for this zone is 18.9
million people.*” Inhabitants of this zone
are mainly engaged in agriculture, cattle
rearing and petty trading. Particulate
matter (PM, ) loads in selected areas of
the North Central zone such as Abuja
(119 pg/m?), Lokoja (119.7 ug/m?),
Ilorin (124.3 ug/m?), Minna (123.9 ug/
m?®) and Jos (123.9 pg/m?) have been
found to be within the NAAQS daily
limit for PM_, but above the WHO 24-

10’
hr limit for PM,  in ambient air.”

North West Zone

States notable for their industrial (Kano,
Kaduna), agricultural and nomadic
cattle rearing (Sokoto, Kebbi, Zamfara,
Katstina and Jigawa) activities are
found in this zone. National population
census figures for this zone estimate the
population to be 35.9 million people,
with Kano ranked as the most populated
state in the country with 9.4 million
inhabitants.”” Air monitoring studies in
Kano have recorded PM, (63 pg/m?)
and PM, (340 ug/m’) levels noticeably
higher than the WHO and NAAQS
daily guideline values."**

In another study, PM, levels in Kano
(128.1 pg/m?), Sokoto (130.1 pg/m?) and
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Kaduna (125.3 pg/m®) were above the
WHO 24-hr guideline value for PM,,
but lower than the NAAQS daily limit
for PM, . These values also ranked high
when compared to particulate matter
loads from other cities around the
world.”

North East Zone

Adamawa, Bauchi, Borno, Gombe,
Taraba and Yobe States are found

in the North East zone of Nigeria.
Agriculture, cattle rearing and trading
are the major occupations of inhabitants
of this zone. The latest population
census figures for the North East zone
indicate a population of 18.9 million
people.*” Ambient air was monitored
in Maiduguri, Borno State as part

of a national screening exercise on
particulate matter loads in Nigeria
carried out between September and
October, 2009.” Results showed that
whereas the average PM, (17 ug/

m?) concentration was lower than the
corresponding WHO and NAAQS
24-hr guideline values, the average
PM,  concentration (246 pg/m’) was
exceedingly greater than corresponding
WHO and NAAQS 24-hr guideline
values for PM,  in ambient air.”
Similarly, high PM,  values have been
recorded in the North Eastern cities
of Maiduguri (132 pg/m?), Yola (123.9
pg/m?®) and Bauchi (128.3 ug/m’),
which although greater than the WHO
daily limit for PM, , were less than the
NAAQS 24-hr guideline criteria for
PM, "

Discussion

Variations in Nigerian Particulate
Matter Micro-Environments: Effects
of Location and Climate

Variations in PM,  and PM,
concentrations within different geo-
political zones can be attributed to
regional changes in meteorological
factors (temperature, relative humidity,
wind speed and visibility) prevalent

in such zones.** Nigeria has two

major seasons (wet and dry seasons)
and selected studies in the past have
investigated the spatial and seasonal
variation of aerosol loadings with
climatic parameters. For instance,
seasonal variation of meteorological
data with aerosol mass concentration
has been investigated in the South West
and South South zones.”* In a related
study, meteorological data depicting
seasonal variation in horizontal visibility
of four climatic zones (Sahel, North
Central, Southern and Coastal zones)

in Nigeria was analyzed over a 30 year
period (1984-2013) and the results
generally showed that good visibility
was obtained in the wet season due

to the influence of moisture-laden
south-easterly wind blowing in from

the Atlantic Ocean resulting in rainfall
that impinges on air-borne particulates
leading to reduced aerosol loadings.*
On the other hand, poor visibility was

a result of dust-laden north-easterly
trade wind blowing in from the Sahara
Desert, which transports large quantities
of dust and anthropogenic emissions,
resulting in increased aerosol loadings.*

A common trend in these studies reveals
a weak correlation between climatic
parameters and particulate matter
concentrations, indicating that subject
to seasonal variation, air temperatures
tend to be directly proportional to
aerosol loadings, while precipitation,
relative humidity and wind speeds tend
to have the opposite effect on aerosol
loadings. In general, the northern
geo-political zones tend to have

higher aerosol loads than the southern
zones due to factors such as higher
temperatures, higher wind speeds, lower
humidity/precipitation and reduced
visibility, especially during atmospheric
hazes. On the other hand, cities in the
southern zones experience shorter dry
season periods (October-February)

and longer wet seasons (March-
September) due to comparatively lower
temperatures, lower wind speeds and
higher relative humidity/precipitation

Journal of Health & Pollution Vol. 6, No. 10 — June 2016
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Figure 1 — Seasonal variation of PM, _ in selected cities
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Figure 2 — Seasonal variation of PM,  in selected cities.

as opposed to longer dry seasons
(November-May) and shorter wet
season periods (June-September) in the
northern zones.***%%

In selected locations in the South

West (Ile-Ife) and South South (Port-
Harcourt) zones, studies have shown

Journal of Health & Pollution Vol. 6, No. 10 — June 2016

an emerging trend depicting weak
correlation between meteorological
parameters and particulate matter
concentrations. In particular, while
increasing temperatures lead to
increased aerosol loadings and hence
increased particulate concentrations,
increasing precipitation, relative

Review

humidity and wind speeds tend to lower
levels of aerosol loadings.>* Relevant
studies on cities in Nigeria showing this
seasonal trend in particulate matter
loads for PM, , and PM, are depicted in
Figures 1 and 2.

Globally, recent studies have revealed
that aerosol particles, particularly black
carbon and dust, interact strongly

with solar and terrestrial radiation

by changing atmospheric conditions
such as temperature, stability and
surface fluxes, which influences cloud
development through the modification
of their microphysical properties.”"”

In addition, aerosols can serve as water
vapor accumulation sites during cloud
droplet formation by functioning as
cloud condensation nuclei. In addition,
absorption of solar radiation by

aerosol particles may contribute to a
reduction in cloudiness.” Recent studies
investigating relationships between
aerosols and cloud parameters have
shown that cloud cover tends to increase
or decrease, depending on aerosol
loading.”*7*

Urban Versus Rural Particulate Matter
Loads in Nigerian Cities

There have been few studies comparing
particulate matter measurements in
urban and rural settings in the published
literature in Nigeria.** Notable studies in
this area include a six year (2001-2006)
study of ambient particulate pollution
(PM, ) in the urban corridors of 17
Nigerian cities and their respective
surrounding rural areas.” Results
obtained from the study showed that
PM, concentrations in the rural areas
were generally lower than in urban areas.
This trend was also observed in a related
study of particulate matter loads in
selected locations in an urban center and
rural area in the Niger Delta region.”®

Seasonal Variation of Particulate
Matter Loads in Nigeria

Seasonal variation of particulate matter
loads in Nigeria has been investigated
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in selected locations in all geo-political
zones. For instance, in the South

East zone, seasonal monitoring of
particulate matter in 10 selected urban
centres (Onitsha, Aba, Umuahia,
Owerri, Enugu, Nsukka, Abakaliki,
Afikpo, Orlu and Nnewi) showed PM, .
concentrations ranging from 14 pg/m?’
in Nsukka town to 66 pig/m’ in Onitsha,
while PM,  ranged from 52 pg/m’ in
Orlu to 303 pg/m’ in Aba.'®*'

For the South South zone, segregated
studies involving the city of Port-
Harcourt and 4 other urban centers

in the Niger Delta revealed PM, ,
concentrations ranging from 20-68 pg/
m’® (Port-Harcourt) and 2-55 pg/m’
(Eket, Uyo, Calabar, Ogoja and Port-
Harcourt).'”?®

In the South West zone, studies have
shown PM, . levels ranging from 57 ug/
m?® in Lagos to 248 pug/m’ in Ewekoro,
Ogun State, while PM  levels ranged
from 309 pg/m? in Ile-Ife to 721 pg/

m?® in Ewekoro, Ogun State. The
noticeably high particulate matter level
in Ewekoro is due to the location of a

cement manufacturing company in the
town 2,11,13,14,21,26,27,29,30

In the North Central zone, selected
studies involving Abuja as a study site
recorded PM, , values ranging from 7-86
ug/m’ and PM,  values ranging from
22-343 Wm?.

In the North West zone, Kano has
been used as a study site and recorded
PM, , and PM, concentrations ranging
from 41-85 pug/m?® and 61-757 pg/m’,
respectively.”

For the North East zone, Maiduguri has
been studied as a sample location and
recorded PM, , and PM,  concentrations
ranging from 10-23 pg/m’ and 37-370
pg/m?, respectively.”

Relevant studies on cities in Nigeria
showing this seasonal trend in
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particulate matter loads for PM, , and
PM,  are depicted in Figures 1 and 2.

Elemental Compositions of Particulate
Matter Loads in Nigeria: Trends in
Analytical Techniques and Spatio-
Temporal Characteristics

An array of elements ranging from
major and minor elements to trace
elements have been detected during

the instrumental analysis of aerosol
samples from different parts of the
country. About 40 major, minor and
trace elements have been detected in
Nigerian aerosols by various researchers
(Supplemental Materials II and III).

In 1993, a combination of INAA and
X-ray fluorescence techniques were
used to characterize about 30 elements
detected in airborne particulate matter
from both Ile-Ife and Kano cities in
Nigeria.”* Similarly, a combination

of EDXRF and INAA was used to
detect about 25 elements in particulate
matter sampled within the premises

of 3 Nigerian cement factories. Trace
elements such as arsenic (As), lead
(Pb), nickel (Ni), cobalt (Co), zinc
(Zn), copper (Cu), and chromium
(Cr), as well as sulfur (S), calcium (Ca)
and phosphorus (P) were found to be
highly enriched within the study sites
when compared to the control sites. The
deposition rate of Ca (a cement marker
element) decreased exponentially with
increasing distance from the cement
factories.”® In 2001, Oluyemi and
Asubiojo reported 15 elements (silicon
(Si), aluminium (Al), titanium (Ti), iron
(Fe), vanadium (V), Ca, potassium (K),
sodium (Na), chlorine (Cl), manganese
(Mn), bromine (Br), magnesium

(Mg), S, Pb and Zn) determined by a
combination of wave-dispersive x-ray
fluorescence and atomic absorption
spectroscopy.’’

Furthermore, about 8 elements (V, Cr,
Cu, Zn, selenium (Se), Br, strontium
(Sr), and Pb) were identified and
quantified in suspended particulate

matter samples from air corridors

of motorways in Ile-Ife and Lagos,
Nigeria using total reflection X-ray
fluorescence.” In addition, about 18
elements were determined in a receptor
site close to an industrial estate in Lagos
using a combination of wavelength
dispersive X-ray fluorescence and atomic
absorption spectroscopy.® Similarly,
about 14 elements (As, Br, Cu, K,
lanthanum (La), Na, antimony (Sb),

Sr, Zn, cerium (Ce), Co, Cr, scandium
(Sc) and thorium (Th)) were detected
in particulate matter loadings from a
receptor site within Obafemi Awolowo
University, Ile-Ife using INAA. The
dominant elements detected were Br, K,
Na, Sr and Zn.?

In addition, 25 elements (Na, Mg, Al, Cl,
K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Se,
Br, rubidium (Rb), Sr, cadmium (Cd), tin
(Sn), Sb, cesium (Cs), barium (Ba), Pb,
and bismuth (Bi)) were simultaneously
detected in aerosol samples collected
within the vicinity of an iron and

steel smelting industry in Lagos using
polarized EDXRE Enriched elements
were Mg, Mn, Fe and Zn." In another
related study, EDXRF was used to detect
about 28 elements (Na, Mg, Al, Si, S, Cl,
K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu,
Zn, gallium (Ga), As, Br, Rb, Sr, Cd, Sn,
samarium (Sm), Pb, and Bi) in aerosol
samples collected within and outside the
vicinities of an iron and steel smelting
industry located along Ife-Ibadan
highway, Nigeria.”’

Twenty-two elements (S, S, CL K, Ca,
Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Pb,

Br, Sr, zirconium (Zr), silver (Ag), Cd
and tantalum (Ta)) were detected in
both fine and coarse aerosol fractions
from a receptor site in Ikoyi, Lagos,
while ten elements (As, Br, Ce, K, La,
molybdenum (Mo), Na, Sb, Sm and Zn)
were detected in aerosol samples from
4 selected receptor sites within Lagos
metropolis using the INAA technique.®
The most abundant metals were Na and
K, while all elements except Br, Mo, and
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Sb were predominant in the PM,  size
fraction.””

Furthermore, about 24 elements (Na,
Mg, AL, Si, B S, CL K, Ca, Ti, V, Cr, Mn,
Fe, Ni, Cu, Zn, Se, Br, Rb, Sr, Zr, Cs

and Pb) were detected in both PM_ ,

and PM,  size fractions from a selected
study site in Mushin, Lagos using the
proton-induced X-ray emission (PIXE)
technique.” Similarly, 24 elements were
also detected in both fine and coarse
fractions of aerosol samples taken from a
receptor site in Ikeja, Lagos and analyzed
using both PIXE and proton induced
gamma ray emission techniques.™

Nine elements (Na, Ca, Cr, Mn, Fe, Ni,
Cu, Zn and Ba) were detected in coarse-
size (PM, ) fractions taken from 4
different receptor sites in Ibadan, Nigeria
and quantified using the inductively
coupled plasma mass spectroscopic
technique.” Similarly, spatial and
temporal variations in suspended
particulate matter were measured at 6
different locations within Ibadan and
quantified using EDXRF. Major enriched
elements with the exception of those
with a sea origin were S, Zn, As and Pb.”?

Eighteen elements (Si, S, K, Ca, Ti, V, Cr,
Mn, Fe, Co, Ni, Cu, Zn, Cd, Sn, Ba, Ta
and Pb) were detected in PM,, and PM, |
fractions from a selected site in Abuja,
Nigeria using PIXE analysis. Trace
elements were predominantly higher

in the PM, | fraction than in the PM_ ,
fraction, and crustal elements such as Si,
K and Ca were the most abundant.’”

Among all the relevant studies surveyed
for the period under review; in the

PM, , fraction, Sr recorded the lowest
concentration value (0.3£0.3 ng/m’) in
Mushin, Lagos, while Mg recorded the
highest concentration value (303.640
ng/m?) in selected locations within
Lagos state."" For the PM,  fraction, Se
recorded the least concentration (0.320.1
ng/m?) in Mushin, Lagos, while Sr
recorded the highest concentration value
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(2,066, 930+24, 8030 ng/m°) in Ile-Ife.”"

In addition, for the PM, . fraction of
airborne particulates, a literature survey
of related studies revealed that the least
detected elements recorded varying
mass concentration ranges (ng/m?)
which can be arranged in ascending
order as follows: Th (0 - 14+1) < Mo
(0-27.96 +4.20) < Ag (0 - 37+60) <
Ga (0 - 42+39.33).2772%30 Similarly,
the most detected elements in the
PM, , fraction arranged in ascending
order of their mass concentration (ng/
m?®) ranges were as follows: Ti (2+8 -
158.67+340.67) < Ni (1+0.1 - 160)
<V (2+0.5 - 648 +£0.33) < Cr(2-
921.67) < Cu(1-1,140) < S(72+2
-1,723.33£1,546.67) < Mn (1£0.3

- 3,880) < Pb (1£0.4 - 3,900+4,033.33)
< §i(39+2 - 3,963.33£9,496.67) < Na
(2424 - 9,566+191) < Fe (13 - 38,120)
< Zn(3£1) -43,700+47,533.33) < K
(5543 - 61,024+6,100) < Sr (0.3+0.3 -
128,530i 1 5’424).2,7,11,13,14, 21,27,29,30

In the case of PM, | fraction of airborne
particulates, least detected elements
arranged in ascending order of
increasing mass concentrations (ng/

m?) were: Th (0 - 31+3) < Ga (0 -
35.33+43) < Mo (0 - 35.84+5.38) < Ag (0
- 71+29).2272930 Furthermore, the most
detected elements in the PM | fraction of
airborne particulates exhibited varying
mass concentration ranges (ng/m?)
which can be arranged in ascending
order as follows: V (6.17+8.27 - 298.33)
< Ti (5945 - 660) < Ni (3£1 - 820) <

S (34145 - 1733.33+£1300) < Br (5+0.4
-2,900) < Cr (2+1 - 3,460) < Cu (3+0.2 -
6,300) < Si (109248 - 10, 750.4+17219.2)
<K (22345 - 54, 810+5481) < Mn (8+1

- 59,300) < Pb (52 - 67, 060) < Na
(683£10 - 73, 871+£1477) < Ca (63625 -
311, 250) < Fe (43716 - 654, 800) < Zn
(24+1 - 730, 280) < Sr (3£0.6 - 2, 066,
930i24, 8030).2,7,11,13,14,21,22,27

PM, ./PM,  Ratios in Nigeria

The consideration of PM, ,/PM  ratios
in air pollution studies is important as
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Figure 3c — Source apportionment of PM, _ in Lagos using principal
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it helps to identify the dominant size
fraction in the aerosol samples and

the emission sources of the particulate
matter. For instance, a high PM, ./
PM, ratio signifies domination by

fine particles (PM, ), while a low ratio
signifies domination by coarse particles
(PM,).” Furthermore, high PM, ./
PM,  ratios are attributed to particulate
air pollution from vehicle emissions
and secondary particles formed in the
atmosphere from gases. On the other
hand, lower ratios are related to strong
dust emissions and resuspension due
to high traffic volume. Several factors
can lead to changes in PM,./PM |
ratios and these include vehicular
emission, high temperature processes,
photochemical reactions and a low rate
of soil dust resuspension.***’

Available PM, ,/PM,  ratios in
published air pollution-related studies
in Nigeria (Table 1) ranged from 0.05
to 0.68, with most of the most of the
ratios falling below the 0.5 mark,
implying that particulate matter in
Nigeria is dominated by coarse particles
(PM,,).>** Comparatively low %

PM, /PM ratios in selected cities in
northern Nigeria such as Maiduguri
(7%), Kano (19%), Abuja (37%) suggest
that the dominant size fraction (PM, )
may have as its major contributor the
wind-blown dust coming from the
Sahara Desert, whereas relatively higher
% PM, ./PM ratios in selected cities

in southern Nigeria such as Ile-Ife
(68%) and Lagos (66%) suggests that
the dominant size fraction (PM, ) may
have as its major contributor marine
sources such as the Lagos Lagoon and
the Atlantic Ocean.>**

Source Apportionment Studies in
Nigeria

The use of source apportionment
statistical tools [inter-elemental
correlation, principal component
factor analysis (PCFA) and hierarchical
cluster analysis] and relevant receptor
modelling techniques [chemical
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mass balance and positive matrix
factorization (PMF)] to accurately
pinpoint sources of particulate matter
loads is often lacking in air pollution
related studies carried out in Nigeria.
This is a research gap.

Notable studies that are considered
pioneer works in the area of source
apportionment and receptor modelling
of particulate matter pollution in
Nigeria include the use of chemical
mass balance and principal component
analysis to identify contributory
sources of coarse (PM,, , ) and fine
(PM, ) particulates at a receptor site in
Lagos. Thus, according to a previous
study, prominent sources identified as
contributors to the particulate matter
load at the study site were soil (35-
54%), marine (26-34%), automobile
exhausts (0.3-3.5%), refuse incineration
(2-3%), and regional sulphate (2-
12%)."°

Furthermore, PCFA has been used

for source identification of particulate
matter loads at four selected receptor
sites in Lagos where traffic emission, sea
salt, biomass burning, coal combustion
and industrial emissions were noted

as contributory sources.” In a related
study, PCFA was also used to apportion
five [soil dust (31%), sea spray (23%),
heavy oil combustion (14%), industrial
(13%) and physical construction (6%)]
and six [traffic (20%), soil dust (19%),
non-ferrous smelting (12%), heavy oil
combustion (10%), biomass burning
(9%) and sea spray (6%)] contributory
sources for particulate matter for PM,
1, and PM_, loads in a receptor site at
Ikoyi, Lagos.”

In addition, PMF receptor modelling
software designed by the USEPA
(EPA PMF v5.0.5) has been used

for source apportionment analysis

of fine (PM, ) and coarse (PM, )
particulate fractions from a scrap iron
and steel smelting industry located
along Ife-Ibadan highway, Nigeria.”’
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Four source categories were identified
for both fine and coarse fractions as
follows: PM, . [coking coal (83%), soil
10%), metallurgical industry (6%) and
electronic waste processing (1%)];
PM, . , [metallurgical production and
electronic waste (53%), suspended
input materials (28%), soil (18%) and
galvanized steel scrap with cadmium
(1%)].* Furthermore, another version
of the PMF receptor model (EPA PMF
v3.0.2.2) was used to assess coarse
(PM,, ) particulate matter source
contribution to ambient air in 5 selected
locations within Abuja, the Federal
Capital Territory of Nigeria.' Three
distinct sources were identified and
apportioned by the PMF model as
follows: crustal (4.2%), biomass/fuel
burning (8.8%), and vehicular (87%).

Global Trends in Utilization of Tracer
Elements for Source Apportionment:
the Nigerian Perspective

Apart from elements, organic tracers,
inorganic water soluble ions and
organic OC/EC content are gaining
more recognition as applicable tracers
for the source apportionment of

carbonaceous aerosols. For instance, in
European countries such as Germany,
France, Sweden and Norway, anhydrous
sugars (levoglucosan, mannosan,
galactosan) and radiocarbon isotopes
(radiocarbon (**C) and carbon-13 (**C))
have been applied as organic tracers

for biomass burning and fossil fuel
emission in addition to other source
emissions.””

In addition, water soluble ions such

as sulfate (SO,*) and nitrate (NO,)
have been utilized as tracers to
apportion stationary and mobile source
emissions, respectively, in 3 selected
Middle Eastern countries. In the same
study, organic carbon (OC)/elemental
carbon (EC) was also used as a tracer
to estimate secondary OC sources in
Palestine, Jordan and Israel.*®

Furthermore, source apportionment
of data generated from the United
States Supersites Program has revealed
that several inorganic marker species
can be used to identify major PM, ,
sources.”® Elements such as Al, Si, K,
Ca, Fe were used as tracers for road
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Figure 4 — PM, levels by region, for the last available year in the period
2008-2012. World Health Organization, 2014*°
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dust, fugitive windblown dust and dust
from construction/demolition activities.
Other anthropogenic activities and their
applicable tracer markers were farming
operations [OC, ammonia (NH,),

EC), fires (OC, EC, K+, Cl-), waste
burning and disposal (OC, EC, K+,
As, Pb, Zn), industrial fuel combustion

fuel combustion (OC, EC, K+, Cl-),
industrial processing (Zn, Pb, Cu, Mn,
As, mercury (Hg)), sea salt emissions

aerosol (OC) formation.**®

to identify source contributors to
ammonium (NH, )], mobile emissions
(OC,EC,NH,, S, Fe, Zn), cooking (OC, Only a handful of notable studies
have been able to apply tracers

in their particulate matter source

(80,7, Se, V, Ni, OC, EC), residential trace elements have been used in

loads."”*” Another study applied

(Na+, Cl-), secondary aerosol (NO, , principal component analysis in

Journal of Health & Pollution Vol. 6, No. 10 — June 2016

SO,”, NH, ) and secondary organic

In Nigeria, the use of tracer elements

particulate matter loads is uncommon.

apportionment. For instance, similar

identifying soil and marine sources
as contributors to particulate matter

Review

apportioning source contributors to
trace elements found in both fine and
coarse fractions depending on the
factor loadings of the elements when
apportioned to identified factors.”

More details about the source
contributions to particulate matter loads
in selected cities in Nigeria are given in
Figures 3(a) to 3(g).

Appraisal of Air Quality Data from
Other Regions Around the Globe
According to the latest WHO version
of the ambient air pollution database
made up of mainly urban air quality data
(annual means for PM,  and/or PM, ,)
for about 1600 cities from 91 countries
for the years 2008-2013; the global
annual PM, | concentration is about 71
pg/m?, while the corresponding values
for the 6 WHO classified regions are as
follows: Africa: 78 ug/m’, America: 51
pg/m’, Eastern Mediterranean: 208 g/
m’, Europe: 49 pg/m’, South-East Asia:
128 pg/m?® and the Western Pacific: 87
pg/m?® (Figure 4).5°

Based on the findings of the WHO study
cited earlier, the great majority of cities
worldwide exceed the recommended
WHO's Air Quality Guideline for
maximum annual PM, mean levels

(20 ug/m’). Globally, relatively few of
the monitored cities currently meet the
WHO guideline values. These tend to

be clustered in high-income countries.
Typical concentration ranges for annual
PM,  mean values of selected cities in
each of the 6 WHO classified regions are
depicted in Figure 5.

In addition, based on the monitored
cities, air quality is poorest in the Eastern
Mediterranean and Southeast Asian
regions, followed by Latin American

and African countries. Based on
extrapolations of these data, about half
of the urban population live in cities

that exceed by 2.5 times or more the
recommended levels of fine particulate
matter set out by the WHO air quality
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Figure 5 — PM, levels for selected cities by region, for the last available year in the period 2008-2012.

World Health Organization, 2014 %

Abbreviations: Afr, Africa; Amr, America; Emr, Eastern Mediterranean; Eur, Europe; Sear, Southeast Asia;

guidelines and only around 12% of the
total urban population live in cities
where the air quality complies with such
levels (Figure 6).%°

Conclusion

This review attempted to portray

the recent trends in air pollution-

related research in Nigeria over the

last three decades (1985-2015). PM, ,
concentrations ranged from 5-248 g/
m’, while PM, | concentration ranges
from 18-926 pg/m’, revealing that about
50% of the particulate matter loads in
Nigeria exceeded both the WHO (25 ug/
m?, 50 pg/m*) and NAAQS (35 pg/m’,
150 pg/m’) guideline limits for PM, , and
PM, , respectively.

10°

The world's average annual PM, levels
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Wpr, Western Pacific; LMI, Low- and middle-income; HI, high-income.

by region range from 26 to 208 pg/

m?, with a global average of 71 pg/m?,
suggesting that particulate matter load
levels in Nigeria compare favorably
with other low-income emerging
economies in Southeast Asia and the
Eastern Mediterranean, but perform
poorly when compared to high-income
economies in Europe, America and the
Western Pacific.

Most of the PM, ,/PM  ratios in Nigeria
fall below the 0.5 mark, implying

that particulate matter in Nigeria is
dominated by coarse, rather than fine
particles. Average highest concentrations
order of metallic elements for PM,
were Mg > Sr > K > Zn >Fe >Na >
Al> Cl > Pb > Si, while those of PM,
were Sr > Zn > Fe > Mg > Ca >Na >
Pb > Mn > K > Al Seasonal variation

0

of particulate matter loads reveals
higher concentrations during the dry
season than during the rainy season.
In addition, particulate matter loads in
rural areas were generally lower than
their corresponding loads in urban
areas. Wind-blown dust from the
Sahara Desert is the major contributor
to particulate matter loads in northern
zones of the country, while sea spray and
crustal matter are highest contributors
to particulate matter loads in southern
zones.

Ambient air monitoring in Nigeria
remains largely unregulated and
uncoordinated despite efforts by

local researchers and relevant
government agencies such as the
National Environmental Standards and
Regulatory Agency and the Nigerian
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Metrological Agency. To remedy

this situation, we recommend the
development of a national emission
standard for suspended particulate
matter, establishment of national air
quality monitoring networks in major
urban/rural areas in the country, fixing
emission caps and taxes for industries,
road pricing for automobiles during
rush hour periods to discourage traffic
emissions and stoppage of gas flaring.
There is also a need for further research
in the area of source apportionment
and secondary aerosols to complement
current efforts at quantifying particulate
matter loads and their elemental
concentrations.
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